Objective: The purpose of the study is to investigate the usefulness of acoustic radiation force impulse (ARFI) elastography in the characterization of focal solid liver lesions as benign, malignant, or metastatic using ARFI two-dimensional (2D) imaging and ARFI quantification (shear wave velocities [SWVs]). Materials and Methods: Sixty lesions were included in this study. The lesions were classified into three groups: Group I included benign lesions (n = 25), Group II included malignant lesions (n = 27), and Group III included metastatic lesions (n = 8). ARFI elastography was performed in all these patients using a Siemens ACUSON S 2000 TM ultrasound machine. Stiffness and size of the lesions were assessed on ARFI 2D images in correlation with B-mode ultrasound images. SWVs were obtained in these lesions for the quantification of stiffness. Results: In ARFI 2D images, malignant lesions were predominantly stiffer and larger, while benign lesions were softer and similar in size (P < 0.05). The mean SWVs in benign, malignant, and metastatic lesions were 1.30 ± 0.35 m/s, 2.93 ± 0.75 m/s, and 2.77 ± 0.90 m/s, respectively. The area under receiver operating characteristic curve of SWV for differentiating benign from malignant lesions was 0.877, suggesting fair accuracy (95% confidence interval: 0.777-0.976); with a cutoff value of 2 m/s, showing sensitivity: 92%; specificity: 96%; positive predictive value: 96%; negative predictive value: 93% (P < 0.05). Statistically significant difference exists in SWV of benign and malignant or metastatic lesions. Conclusion: ARFI elastography with 2D imaging and quantification might be useful in the characterization of benign and malignant liver lesions.
Introduction
C haracterization of focal liver lesions (FLLs) is a common problem in clinical and radiologist's practice. Early characterization of these lesions is essential to formulate optimal treatment strategy and to achieve better outcomes in these patients. Although ultrasonography, the first-line modality in the evaluation of these lesions, is highly sensitive and specific in the differentiation of cystic and solid lesions, its role in the characterization of solid lesions is limited due to nonspecific sonographic features of benign and malignant lesions. [1] [2] [3] This necessitates further evaluation of majority of these lesions by contrast-enhanced ultrasonography, contrast-enhanced computed Ultrasound elastography has emerged as an important adjunct to conventional ultrasound in recent times and has been reported to be useful for the characterization of various tumors, which are usually stiffer than normal tissues. Although manual compression techniques are popular in the evaluation of the breast masses, [6, 7] prostate cancer, [8, 9] and thyroid nodules, [10] their application had been difficult in the liver as it is surrounded by the rib cage. With the advent of acoustic radiation force impulse (ARFI) elastography, which uses "motorized compression" by producing short acoustic push pulses to assess the target tissue displacement and stiffness, apart from qualitative features such as stiffness, size, and conspicuity of lesions, quantification of stiffness was made possible in terms of shear wave velocity (SWV) in the lesion. [11, 12] Since Fahey et al., 2008 [13] showed the usefulness of ARFI elastography in characterizing the FLLs, majority of the studies evaluated only SWV in FLLs. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Very few studies have comprehensively evaluated both qualitative and quantitative parameters together. [26, 27] The rationale behind this study is a comprehensive evaluation of FLLs on both qualitative and quantitative ARFI techniques and to assess the role and efficacy of ARFI elastography in the characterization of solid FLLs based on appearances in elastogram images and SWV (ARFI elastometry).
Materials and Methods
The study was conducted as a prospective controlled analytical study in a tertiary care setup. The institutional review board of our hospital approved the study and waived the consent for elastography examination. Ninety-four patients who presented to our department between January 2014 and January 2016 for the evaluation of solid FLLs were included in the study. Patients with diffusely infiltrative lesions and subcentimeter lesions were excluded. Thirty-four patients were excluded due to either technical failure such as patient motion (3 patients), presence of a deep-seated lesion (10 patients) or patient's inability to hold their breath properly (11 patients), and patients who did not undergo histopathological examination or other confirmatory imaging (10 patients). The final study population consisted of 60 patients with either single or multiple lesions.
Various lesions included in the study are shown in Table 1 . Size, stiffness, and margins of the lesions were assessed on ARFI elastogram images in relation to the corresponding B-mode image. SWVs were assessed using ARFI elastometry. SWVs were also obtained in thirty age-and sex-matched controls which served as a reference for the normal population. After ultrasonography for the evaluation of echotexture and exclusion of fatty changes, SWVs were obtained in different segments of liver for four times and the mean SWVs were calculated for this control population.
One of the examiners with 5 years of experience in the conventional ultrasound performed ARFI elastography on a Siemens ACUSON S 2000 ultrasound machine using a 2-4 MHz (4C1) curved array transducer, operating at 4 MHZ. After fitting the ARFI image box to fully cover the lesion, a two-dimensional (2D) ARFI elastogram image was obtained (Virtual Touch TM tissue imaging) with a corresponding B-mode image displayed by its side. In patients where the lesion was larger, the region of interest (ROI) was chosen as to partly include the lesion and its margins as well. Multiple ROIs were thus used to cover the whole lesion. The SWVs (expressed in meters per second), using Virtual Touch TM tissue quantification (ARFI elastometry), was obtained with ROI placed over the lesion, through right intercostal or subcostal approach with a short period of breath hold. In patients with multiple liver lesions (13 of 60 patients), the largest of the lesions in the right lobe of liver amenable for both elastometry and biopsy was chosen. The velocities were obtained four times in each lesion and were averaged.
Two radiologists, blinded to pathological diagnosis, independently reviewed the 2D ARFI elastogram images on PACS viewer stations (GE Centricity 5.0 PACS Workstations) in correlation with the corresponding B-mode image for qualitative parameters such as stiffness and size. Images were reviewed by the radiologists in random sequence after 6 months to avoid recall bias. Any discrepancies between the two reviewers were resolved through consensus. The lesions were categorized as stiffer (darker), similarly stiff (of similar darkness), or softer (brighter) based on the lesion's brightness relative to the background liver on ARFI images. Based on the size, the lesions were classified as larger, smaller, or of similar in size as that of the B-mode image by visual inspection.
The hemangiomas were diagnosed based on a combination of the typical findings on CT and MRI scans. [28] Hepatocellular carcinoma (HCC) was confirmed by histopathology in 18 patients and by clinical diagnosis in four patients according to the American Association for the Study of Liver Disease 2005 recommendations. [29] [30] [31] Rest of the benign, malignant, and metastatic lesions were confirmed by histopathology. The origins of metastatic lesions were determined by corroborative evidence of primary malignancy on other imaging modalities.
The results were analyzed in correlation with final pathological diagnosis and the patients were assigned into three groups. Group I consisted of benign lesions. Group II consisted of primary malignant liver lesions. Group III consisted of metastases.
Statistical analysis
All continuous variables were represented by mean with standard deviation, accompanied by range and median. Categorical data were reported as absolute number of patients and percentage of the group studied. Pearson Chi-square test or Fischer's exact test was used to compare categorical data. The differences among the mean SWVs in various groups of FLLs were evaluated using analysis of variance test. The accuracy of SWV values in the differentiation of benign and malignant lesions was evaluated by calculating sensitivity, specificity, and positive and negative predictive values. Receiver operating characteristic (ROC) curve and areas under the ROC (AUROC) were used to estimate the diagnostic performance. The cutoff value was determined by considering the highest sum of sensitivity and specificity. P < 0.05 was considered as statistically significant. The statistical analysis was performed using the SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA).
Results
The mean age of the study population was 52.2 years, with age ranging from 20 to 73 years. The most common age group was 51-60 years; 67% were males (40 of 60) and 33% were females (20 of 60), with a male:female ratio of 2:1. Of 60 patients, 47 patients (78.3%) had single lesions in the liver, while 13 patients (21.7%) had multiple lesions in the liver. Of 60 patients, 40 patients (66.6%) had normal surrounding liver echotexture on ultrasonography. Echotexture changes of cirrhosis were noted in 20 patients (33.3%). The mean SWV in control population was 1.17 m/s.
Stiffness of the lesion
Characterization of the FLLs based on stiffness in ARFI elastography images into various groups is shown in Table 2 . This study showed that a benign lesion will predominantly be softer (40%) or similarly stiff (20%) as that of surrounding liver, while a malignant or metastatic lesion will predominantly be stiffer (92% and 87%, respectively) [ Table 3 ]. Moreover, a lesion that is either softer or similarly stiff as surrounding liver has significantly higher chance of being benign (90% and 83%, respectively). A stiffer lesion may not be reliably differentiated, while it has a higher chance of being malignant (67%). There was statistically significant difference between the three groups in terms of stiffness on ARFI elastography images (P < 0.0001).
Size of the lesion
Characterization of the FLLs based on size in ARFI elastography is shown in Table 4 . This study showed that a benign lesion on ARFI elastography appears either similar in size (88%) or smaller. Malignant and metastatic lesions appear predominantly larger in size on ARFI elastography (74% and 62%, respectively) or less often of the same size (26% and 38%, respectively). Similarly, a lesion that is smaller on ARFI elastography is almost always benign (100% specificity), while a lesion that is larger is almost always malignant (80%) or metastatic (20%). A lesion that is of the same size on ARFI elastography cannot be reliably characterized though it has a higher chance of being benign (68%). Statistically significant difference exists between the three groups in terms of tumor size evaluated on ARFI elastography images (P < 0.0001) [ Table 5 ].
Shear wave velocities
The mean and median SWV for various tumor groups are shown in Table 6 . The mean SWVs in benign, malignant, and metastatic lesions were 1.30 ± 0.35, 2.93 ± 0.75, and 2.77 ± 0.90 m/s, respectively. The mean SWV in the Group I (benign lesions) was significantly lower than that in Group II and Group III (P < 0.0001) [ Figure 1 ]. There was considerable overlap in the SWVs of Group II and Group III. The SWVs in various lesions are shown in Table 7 [ Figures 2-8 ]. The mean SWVs of surrounding liver in benign, malignant, and metastases were 1.27 ± 0.13, 1.60 ± 0.29, and 1.42 ± 0.27 respectively, which did not show statistically significant difference.
The AUROC of SWVs for differentiating benign from malignant lesions was 0.877, suggesting and malignant lesions for the cutoff of 2 m/s is as follows [ Table 8 ]: sensitivity: 92%; specificity: 96%; positive predictive value: 96%; negative predictive value: 93% (P < 0.000001). The accuracy for differentiation of benign and metastatic lesions for cutoff of 2 m/s is as Figure 9 ]. The best cutoff value for SWV, chosen based on the highest combination of sensitivity and specificity (92.6% and 81.2%, respectively), was follows [ Table 9 ]: sensitivity: 96%, specificity: 87.5%, positive predictive value: 96%, negative predictive value: 87.5%; P value: 0.000014. No significant difference was noted between the SWV of malignant and metastatic lesions (P = 0.553094).
Discussion
ARFI elastography of FLLs was first described by Fahey et al., 2008, [13] who showed that HCCs were softer than the regional cirrhotic liver parenchyma, but the metastases were stiffer than regional noncirrhotic liver parenchyma. Two studies by Cho et al., [26] and Kim et al., [27] had comprehensively evaluated stiffness and SWV in FLLs although the latter study is the only study to evaluate size of the lesion on ARFI elastography.
Stiffness of the lesion
This study showed that a benign lesion will predominantly be either softer or equally stiff as of surrounding liver, while a malignant/metastatic lesion will usually be stiffer than surrounding liver. These findings can be explained from the pathological point of view that malignant lesions having higher cellularity tend to be stiffer, while benign lesions such as hemangiomas which are composed of sinusoids tend to have lower stiffness. The results were not consistent with those of Cho et al., [26] and Kim et al., [27] as the former study had a similar number of stiffer tumors and softer tumors in both the groups, while the latter study failed to show statistical significance. This discrepancy might be due to the different nature of the pathologies included in various groups and differences in the severity of cirrhosis of background liver in each study population. While all the patients with HCC in the study by Cho et al., [26] had chronic liver disease, only 20 of 27 patients with HCC had features of overt cirrhosis on ultrasound in this study. Regarding stiffness of metastatic tumors, the results are consistent with that of Cho et al. [26] Size of the lesion The rationale behind evaluation of size is that the infiltrative margins of malignant lesions show an apparent increase in size on elastogram images. This study showed that smaller lesion is always benign (100%) while a lesion that is larger on ARFI elastography is almost always malignant (80%) or metastatic (20%). The results did not correlate with the only attempted previous study by Cho et al., [26] which failed to show significant difference in terms of size. Further studies with larger series are required to test the consistency of these findings.
Shear wave velocities
The comparison of mean SWV in various groups of lesions in this study with the previous studies is shown in Table 10 . The mean SWV for benign lesions in this study was lowest (1.30 m/s) among all the studies and is closely comparable to studies by Zhang et al., [18] and Davies and Koenen [15] (1.33 m/s and 1.35 m/s, respectively), unlike the report by Frulio et al., [19] which was significantly higher than other studies (2.53 m/s) due to higher number of adenomas and focal nodular hyperplasia (FNH) in the benign group. This variation can partly be explained by varying pathological compositions of hemangiomas as well.
The mean SWV for malignant lesions in this study (2.93 m/s) is comparable to various other studies, [14] [15] [16] [17] [18] [19] which ranged between 2.24 and 3.16 m/s. Two HCCs having SWVs of 0.94 and 1.62 m/s were softer and similar in stiffness in ARFI elastogram images. The mean SWV for metastatic lesions in this study was 2.77 m/s, with a range of 1.91-4.42 m/s, which is comparable to most of the previous studies.
[ [14] [15] [16] [17] [18] [19] 26, 27] Elasticity-pathology correlations of liver tumors by Frulio et al., [19] showed that necrosis can reduce the stiffness of metastatic lesions. Studies with larger number of lesions and pathological correlations are required to establish the characteristics that affect stiffness and SWVs.
This study showed statistically significant difference between mean SWV of benign lesions and malignant or metastatic lesions. No significant difference was observed in SWV between malignant and metastatic groups. These findings are consistent with most of the previous studies which showed statistical significance in terms of SWV in the differentiation of benign and malignant lesions. [14] [15] [16] [17] [18] [19] Two previous studies by Frulio et al., and Sendroiu et al., [19, 20] which failed to show significant difference in SWV had a higher number of adenomas and FNH included in benign lesion group, suggesting that inclusion of these lesions might have significantly increased the mean SWV.
The cutoff SWV values proposed by the previous studies and accuracies were compared in Table 11 , which ranged between 1.82 and 2.73 m/s. The cutoff value from ROC was 1.91 m/s for differentiation of benign and malignant lesions. The cutoff of 2.0 m/s, as proposed by previous studies, revealed fair degree of accuracy with higher positive and negative predictive values and can be recommended for differentiation of benign and malignant or metastatic lesions.
This study has several limitations. First, benign hepatic lesions such as FNH were not included, while few heterogeneous metastatic tumors were evaluated. Second, although SWV in surrounding liver was used for quantification of cirrhosis, the degree of chronic liver disease using Child-Pugh classification was not estimated, which might have an effect on visual inspection. Exclusive study of the malignant lesions with varying degree of cirrhosis in surrounding liver is necessary to establish the true effect of background cirrhosis on the appearance of lesions in elastography images. Since the degree of fibrosis, cellularity, amount of necrosis, and other parameters contribute to stiffness in imaging, correlation with pathological findings is essential for better understanding of these findings. Although multiple measurements from the lesions improve accuracy, the inter-and intra-observer reproducibility of these findings was not evaluated in detail in this study.
Conclusion
ARFI elastography with ARFI 2D imaging and ARFI quantification (SWVs) can provide valuable additional information to ultrasonography and can significantly improve its ability in characterizing the liver tumors. Although ARFI quantification (SWVs) is a more objective method, information provided in 2D imaging might improve the understanding and accuracy of quantification techniques.
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